NADPH oxidase 4 is not involved in hypoxia-induced pulmonary hypertension
Editor:
Acute alveolar hypoxia causes constriction of pulmonary arterial vessels, termed hypoxic pulmonary vasoconstriction (HPV). By this mechanism, vessel perfusion and alveolar ventilation are coordinated and pulmonary gas exchange is optimized. 1, 2 In contrast, chronic, generalized hypoxia, besides vasoconstriction, results in remodeling of the pulmonary vasculature; both lead to pulmonary hypertension (PH). 1 PH is a life-threatening disease with poor prognosis and high mortality, characterized by an increase in pulmonary vascular resistance and pulmonary arterial pressure. 3 Pulmonary arterial smooth muscle cells (PASMCs) are the main effector cells in hypoxiainduced vascular remodeling, with their proliferation and constriction leading to vessel lumen obliteration. 3 HPV, as well as pulmonary vascular remodeling, has been suggested to be a consequence of redox imbalance or oxidative stress, meaning elevated formation of reactive oxygen species (ROS). 4 For both HPV and chronic hypoxia-induced pulmonary hypertension, discrepant concepts argue for a decrease or an increase in ROS during hypoxia as the underlying signaling event and also about the source of ROS. The situation is complex, as acute HPV (lasting seconds to minutes), prolonged HPV (starting after ∼30 minutes and lasting for hours), and chronic hypoxiainduced PH may differ with regard to the underlying mechanisms. 5, 6 Early investigations have suggested a decrease in ROS derived from mitochondria as the oxygen sensor and signaling event of acute HPV. 2, 7, 8 This was, however, challenged by investigations providing evidence for increased ROS derived from either mitochondria or nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (Nox), 1, [9] [10] [11] [12] with mitochondrial complex III as the ROS-releasing site. 9 Favoring a mitochondrial mechanism, NADPH oxidase gp91phox (Nox2) knockout mice have unaltered HPV. 13 However, NADPH oxidase p47phox knockout mice showed reduced HPV, arguing for involvement of other Nox subunits. 1 With regard to pulmonary arterial hypertension, strong evidence has been provided for a mitochondrial mechanism, including a decrease of ROS, 14, 15 a concept that may also account for hypoxiainduced PH. However, similar to acute HPV, an increase of ROS derived from either mitochondria or NADPH oxidases has also been proposed. 16 With regard to NADPH oxidases, (1) Nox2 knockout mice seem to be protected from hypoxia-induced PH, 17 (2) an interaction of Nox and mitochondria has been suggested, 16 and (3) we and others found that Nox4 expression is elevated in hypoxic human and rat PASMCs, in lungs and especially in the pulmonary vasculature of animal models of hypoxia-induced PH, and, most importantly, in lungs of patients suffering from idiopathic pulmonary arterial hypertension. 16, [18] [19] [20] [21] [22] Nox4 contributes to PASMC proliferation and ROS formation. 21, 23, 24 Accordingly, Nox4 silencing attenuates ROS formation and proliferation in human and rat PASMCs. 20, 24 Therefore, it may be concluded that upregulation of Nox4 in hypoxia actively contributes to PH pathogenesis and pulmonary vascular remodeling in vivo. In order to test this hypothesis, we analyzed the role of Nox4 in HPV and hypoxia-induced PH in vivo, with the aid of constitutive and global inducible Nox4 knockout mice.
Membrane-bound Nox are a major source of ROS in vascular cells. 25 Nox allow a transmembrane electron transfer from NADPH to molecular oxygen and thereby formation of ROS such as superoxide anions (O ⋅À 2 ) or hydrogen peroxide (H 2 O 2 ). 26 Seven Nox homologs are known-Nox1-5, DUOX1, and DUOX2-differing in their cellular localization, tissue distribution, regulation, activation, and expression. 26 Among these, Nox4 is the only homolog that produces H 2 O 2 in a constitutive manner.
Methods. C57BL/6J mice were obtained from Charles River Laboratories (Sulzfeld, Germany). Constitutive (Nox4 −/− ) and global tamoxifen-inducible (Nox4flox/flox-ERT2-CRE/0 [Nox4 */* ]) Nox4 knockout mice were described previously. 27, 28 Mice were subjected to either normobaric normoxia (inspiratory O 2 fraction [FiO 2 ] of 0.21) or normobaric hypoxia (FiO 2 of 0.10) for 21 days to induce PH. All animal experiments were approved by the local authorities.
Anesthetized animals were intubated, placed on a homeothermic plate, and artificially ventilated (MiniVent type 845, Hugo Sachs Elektronik, March-Hugstetten, Germany). A catheter was placed in the right ventricle via the right external jugular vein to assess right ventricular systolic pressure (RVSP). Afterward, the lung was fixed for histology in 3.5%-3.7% neutral buffered formalin.
For determination of right ventricular hypertrophy, the right ventricle (RV) was separated from the left ventricle plus septum (LV+S). The ratio of RV mass to LV+S mass (RV/(LV+S)) was calculated.
Muscularization of small pulmonary arteries was assessed after staining with von Willebrand factor (Dako, Hamburg) and α-smoothmuscle actin (Sigma-Aldrich, Munich) antibodies. Vessels were categorized as fully muscularized, partially muscularized, or nonmuscularized. For each lung, 85 vessels were analyzed.
For measurement of acute and sustained HPV, explanted lungs were artificially ventilated with normoxic (21% O 2 ) or hypoxic (1% O 2 ) gas and perfused blood-free with 1 mL/min Krebs-Henseleit buffer. Pulmonary arterial pressure is a direct measure for pulmonary vascular resistance in this setup.
Data are presented as mean ± SEM (standard error of the mean). For comparison of two groups, a Student t test was performed. Differences between more than two groups were assessed by twoway analysis of variance (ANOVA) followed by a Tukey multiplecomparisons test. A p value of <0.05 was considered significant for all analyses.
Results. Wild-type and constitutive (Nox4 −/− ) or global inducible (Nox4 */* ) Nox4 knockout mice were exposed to normoxia (21% O 2 ) or chronic hypoxia (10% O 2 ) for 21 days. Tamoxifen-inducible Nox4 mice were used to exclude possible compensatory effects in constitutive Nox4 −/− mice. RVSP was elevated to the same level in wild-type and Nox4 −/− , as well as Nox4 */* , mice after chronic hyp-oxia, indicating PH development (Fig. 1A, 1D ). Chronic hypoxia increased right heart hypertrophy to the same extent in wild-type, Nox4 −/− , and Nox4 */* mice (Fig. 1B, 1E ). In addition, PH was characterized by occurrence of pulmonary vascular remodeling in small pulmonary vessels. Chronic hypoxia-induced muscularization was not affected by the knockout of Nox4 (Fig. 1C, 1F ). Eventually, Nox4 had no effect in HPV, as determined by ventilation of lungs with hypoxic gas (1% O 2 ) for 3 hours. Nox4 −/− mice developed the same biphasic vasoconstrictor response as wild-type mice (Fig. 1G) .
Discussion. ROS regulate various cellular processes that are known to be dysregulated in pulmonary hypertension (PH). 3 As described above, the sources of ROS and their specific function in the pathogenesis of PH and the regulation of HPV are not sufficiently identified yet. With regard to NADPH oxidases, Nox4 is dysregulated in PH pathogenesis and critically involved in PASMC proliferation. 20, 21, 23 Importantly, PASMC constriction and proliferation take place in the medial layer of the pulmonary vessels, a major site of Nox4 expression. 29 Accordingly, we and others have proposed a critical role of Nox4 in HPV and chronic hypoxia-induced PH. We therefore utilized constitutive and inducible Nox4 knockout mice to assess the role of Nox4 in HPV and chronic hypoxiainduced PH. and NOX4 */* (n = 6-9; E) mice. *p < 0.05 (significantly different); ns: not significantly different. C, F, Vascular remodeling of normoxic and chronic hypoxic WT and NOX4 −/− (n = 5-6; C) and NOX4 */* (n = 5-6; F) mice quantified by the degree of muscularization of small (outer diameter of 20-70 μm) pulmonary arterial vessels. Vessels were categorized as fully muscularized (>70% vessel media α-SMA positive), partially muscularized (>5% but ≤70% vessel media α-SMA positive), or nonmuscularized (≤5% vessel media α-SMA positive) after immunostaining against α-SMA and von Willebrand factor. One hundred vessels from each lung were analyzed. An asterisk indicates significant difference between normoxic (NOX) and hypoxic (HOX) WT mice; a pound sign indicates significant difference between NOX and HOX NOX4 −/− (KO) mice (p < 0.05). G, Time course of hypoxic pulmonary vasoconstriction in isolated, buffer-perfused, and ventilated mouse lungs during 180 minutes of hypoxic (1% O 2 ) ventilation. Changes in pulmonary arterial pressure (ΔPAP, mmHg) are depicted for WT and NOX4 −/− mouse lungs (n = 8). α-SMA: α-smooth muscle actin. Surprisingly, neither constitutive nor acutely induced knockout of Nox4 had affected the response to acute/sustained hypoxia (HPV) or chronic hypoxia (PH). Nox4 −/− mice possess a biphasic vasoconstrictor response similar to that of wild-type mice in isolated, ventilated, and buffer-perfused mouse lung experiments. This is in line with similar results obtained with another Nox4 knockout mouse line. 30 Furthermore, the degree of PH quantified by RVSP, right heart hypertrophy, and vascular muscularization was not affected by Nox4 ablation. Together, those data indicate that Nox4 plays no role in the development of hypoxia-induced pathologies in the lung, such as HPV or PH. These in vivo results contrast with those of cell culture experiments depicting that Nox4 silencing or application of the Nox4 inhibitor GKT137831 negatively affected pulmonary vascular cell proliferation 21, 23 and ROS-induced activation (phosphorylation) of proproliferative kinases (Akt, MAPK). 31 However, the in vitro situation in cell culture might not necessarily reflect the in vivo situation. Under basal conditions, Nox1 is the predominant isoform of Nox in smooth muscle cells (SMCs), 32 and Nox4, in contrast to Nox1, is stress inducible, which may explain its upregulated expression in pathological conditions. In fact, it has been shown that upregulation of Nox4 in a vascular-injury model triggers a differentiation of vascular SMCs from a proliferative to a secretory phenotype. 33 Nox4 further has been shown to have antiinflammatory properties, and therefore Nox4 upregulation may serve as a protective rather than a detrimental mechanism in inflammatory diseases in vivo. 34, 35 Augmented O À 2 production was detected in SMCs of Nox2-and Nox1-overexpressing mice, while Nox4 overexpression increased H 2 O 2 formation. 27, 36, 37 Nox4 is therefore incapable of scavenging NO, and its low constitutive H 2 O 2 production might even be beneficial, while Nox1-and Nox2-derived O À 2 may scavenge NO and contribute to the formation of ONOO − , which is rather detrimental and leads to vascular dysfunction. Accordingly, the type of ROS released (H 2 O 2 vs. O À 2 ) might determine whether Nox-dependent redox signaling is beneficial or detrimental. It is important to mention that Nox1 upregulation has been suggested to contribute to nonhypoxia-induced PH. 38 Eventually, the cell specificity of ROS formation has an impact on its effects. Nox4 overexpression in SMCs correlates with media hypertrophy, whereas Nox4 overexpression in endothelial cells is not associated with PASMC hyperplasia. 39 In other studies, Nox4 was found to be more prominently expressed in pulmonary artery fibroblasts than in PASMCs. 18, 40 In fact, inhibition of Nox4 by VCC588646, VCC202273, or GKT136901 reduced vascular remodeling and right heart hypertrophy in monocrotaline-treated rats. 18 In conclusion, we provide evidence that neither constitutive nor acute deletion of Nox4 has any effect on hypoxia-induced PH in vivo, contrasting with results of experiments in isolated cells. At least in mice, Nox4-derived ROS, according to our data, are not the cause of hypoxia-induced PH or HPV. This, however, does not exclude a contribution of other, not yet investigated Nox isoforms to HPV or hypoxia-or non-hypoxia-induced PH.
